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@HE DESIGI' OF COOLING DUCTS WITH SPECIAL REFIREXCE

TO THE BOUWDARY LAYER AT THE IJLET

By 5. Katzoff '
SUHARY

-4 8iudy has been made of underslung cooling ducts
with special reference to the problems presented by the
bovndary layer on the fuselage skin. It was found that
good flow can be obtained in such ducts by (1) making
the 1ialet opening of such size that the mean 1nlet veloc-
ity -1s ebout 0.6 the free-~siream velocity and (2) provid-
ing vares behind as well as ahead of the radlstor, Ta-

les %o faclilitate desizgn are included, together with an
excaple.

4T7RODUCTIOH

On & nunber of modern airplanes the clir inlet for
the coollng sy¥stem 1s located on the fuselage at some dis-~
tance from tie nose. Ixperlence with this t;pe of 1instal-~
lation hes Indlcated that, unless certain precautlioas are
talren 1a 1ts cesign, the adrzg vill be excessive. Owing
to the exlstence of the boundary layer on the fuselege
skin, special problems arise regarding (1) the size of
the cuct inlet and (2) the arrangement of gulde venes
within the duet. These problems have been studied with
the ald of some wind-tunnel experiments, and two duct de~

.8lgne have been tested in order to show the validity of

the prohosed solutlions. Tables are included giving the
relationship of the verlous duct dimensions and the spac-
ing of the gulde vanes for a range of boundary~layer con-
ditions existing on a fuselage. ’
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v Einematic viscosity
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e ~aizsht of rectangular duct cutlet
T heizht of rectrangular radlator

4 volune of eooliag alr flow per second

Subscrints

o. free streanm
" PRI¥CIPLES OF IESIGY -

The optlavm duet inlet.~ Unllke the expanslion of the
eir flow ian front of cn JulCa cowling, the meraissihle .ex-
peasion 1a front of a2 fuselags—duct inlet is lizited by
the foeds that the boundary layer will dbreszk awny fron the
sizin If it is subJected to too large an alverse pressure
groclent (fig. 1). The inlet must therefore be of such
slge thot the coollzg alr required for tie design condi-
tlon expends as muech &8 possible in fronb. of tha inlet
without breck-away;: too :large an cp2ninz not o2ly occa=-
sioas losses in the flow ianto the opening bLut also, un-
less the nose of the duct le.curved sharply invard, causes
break-oway of the flow over the nose, as indiceted in filz-
ure 1,
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The optinum vane arrangement.— Inasmuch &3 only &
limlited velocity reduction is permiseible in front of the

duct inlet, the reductlion must, for low=-velocity cooling,
be contlnued within the duct. Usually this exvansion
nust be guite rapid, for ln generel only a small space
will ve avciladle for the entire cooling installation.

An expeansion angle of ebout 10° (two-dimensional), such
as 1s fregueantly used for neximum efficiency, is thus in-
possible hecause of the length of duet required., However,
by the use of vanes, & large-anzle expansion can be 4di-
vided into several small-g2ngle expansiocns with & reason-
nble efficlency.

dere agalin, however, the boundary layer introduces
a comnlication. Thus ccasider (fig. 2a) that the air
entering the duet 1s divided into two egqual peris and ex-~
panded in tuvo adjscent passsges. The &alr entering the
upre:- section has ths lower dynamic pressurs; accordiagly,
after t1e exponsion 1+ has the lower stetic pressure, and
this cifference still exists tehind the radirtor. Such =
sitvation is clearly inrossible, as the two cdjacent sireans
of air behind the radiator nust have the sane statlc wres-—
sure, JActuclly, in such a cose, the nir flow adjusts 1¢-
self to thot shown 1a figure 2b. The flow into the lower
section 1lncreases while that 1lnto the upper section de-
cre&sen. The expension andéd radiator losses, taich are
rougnhl; prowvwortional to the cquare of the velocity, in-
creage 1n the lower sectlion end decrease in the upper sec-~
tien, so that the two air streams now leave tire redlator
at the sens static pressure. If the rediator has a releo-
tively hilza reslstance, only a slight readjustmant of the
flow oua-tities occurs; 1f the radiator has a relatlvely
lor resistance, the readjustment may lesve procticallr ro
flouv ia tae upper section, in which case half the radiator
would De useless and the advantages of low-veloclity cool-
ing woulé be destroyed., The veual radistor kas a reslst-
ance sufficliently low for this letter condition to be ap-
pro:.ched.

The flow may be made to divide equally, however, b7
meens of & short vane behind the radiator, formiag a con-
tinuatioa of the forward vane, adjusted to restrict the
outlet of the lower sectioa (fig. Z2c¢c). The velocity at
the lower outlet i1g thus incrensed, so that the statilc
pressure ls reduced to that at the ocutlet of the upper sec—
tlon. -
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EZPIRIMENTAL

Jind-tunnel tests were made 1n order to obtaln quen-
ti1tative information regarding the permissible expansion
of & tvrvuleant doundary larer in - -front of a dvet inliet.
and also to verify the efflcacy of. the proposed arraa/e-
rent of Trear vanes.

The work was done in the 1/l5-scale moldel of the
SACA Fvll~scale wird tunnel, converted for these tests to
e closed rectonguler tunnel 2 by 2.75 feet (fig. 3). The
duct wos nounted in tihe floor of the test sectlon, which
thus representeld the fuselage skin, Tie air speed was
about 80 niles per aour for all the tests. Turbuleant
bYoundary layers of various thicknesses were produced on
the floor of the test section by plecing various obstruc—
tiorns escross ithe Tloor of the eatrarce coas. Double
eelluloid winfows were provided 1n both sides ' of the duct
in orfer to nernit tuft observestlons. The rear half of
the ton of the duct was hinged, for adjustaent of the
rear openin;, Two different reslstances were used to
sinuvlate the rediator, a 40-mesh copper scresn for which
Ap/g wues 4.0 and three l=yers of 100-mesh brass screen
for irhick Ap/q was 40, The Ap/q of the latter re-
sietance gre~ntly exceeds that for & Prestons or oll radi-
ator; uovever, it is approzched by some intercoolers. The
inlz2t openiag was 3.25 inches for the tasts with the low-
resistaunce screen,and 2,75 lnches for the tests with the
hih-resistoace screen and for the boundary-leyer expan=-
slon tests. Zoth screens and vanes were removed for tae
boundorr-layer expansion tests.

Flov ueasurements were made by means ¢f asmall total-
pressure a=d stetic tuves. Determinations oi the total
drog of %ae duvuct instelletions were made by mears of a
ralke of 40 total~head tubes, 1/8 inch apert, mounted on
the floor of the tunnel etout 5 lnches bekind thke duct
outlet.

EXPAISIOH AT TEZS ILLET

The exponsion of the air in front of the duct inlet
veg effected b¥ restricting the duct exit. The behavior
of the boundary layer was observed by mecns of a suft on
the floor of the 1nlet and also by means of survey tubes
in the imnlet. .
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"he coandition of optinum expansion wae found diffi-
cult o0 ldentify. As theg exit was restricted through the
separaition range, the tuft flickered more. and .more to the
front, finally polntling steadily forward in a completely
reverged flow; there was no sharp separation point. 4lso,
the alir-flowy measurements appreared to become more and more
ineccurate and inconsistent with increasing ezpanslon, sgo
+hat it was imnpossible to determine the energy losses.

The reaclings became particulerly erratic, with indications
of excesslve losses, when the average acplitude of the
tuft flicizer was much over 309; so the conditioa of opiil-
mum expcnslon was somewket arbitrarlily ideantified as that
for whlch tkhe aversge amplitude thrcugh which the tuft
flickered was about 30°. Thais arbitrary criterion is be-
lieved to be satisfactory laasmuch as the range of accept-
able conditliones appsared to be falrly narrovw.

The vaelocity distributlons in four turbulent boundary
larers of dlfferent thiclknesses and the velocity distri-
bution at the inlet when each had been expanfed are sihown
in fiure 4. The average 1inlet velocities for these con-
ditlons were about 0.6 the free-stream velocity. The cor-
responllng total-aid static-pressure distridbutions in the
inlet are also shown. It willl be noted 1n the flgure that
8 is defined, not as the largest dilstance from the skin
for vhich 2 Zisasurable velocity deflclency exists, but as
that valre Tor which the equation

1/7
X _{Z)
v, E%/

filts the nmaln part of the veloclity profille.

The generellty of the results of these boundary-layer
tests may be guestlonable lnasmuch as such phenomena vary
with Rernolds number. The results discuseed in the fol-
lowlag section, however, are »robably nearly lndependert
of sccle.

EXPAISION WITHIY THE DUCT

In the teasts that were made to determine the effi-
cacy ‘of the rear guride vaines, a relatively thick boundeary
layer was used (6/%1 ¥ 0.,85). The front vanes wvere ar-




ranged to permit one~fourth of the total flow to enter
smoothly into each of the four passages and to limlt the
expeasion azxgles. of the passages to 109, The rear vanes
were arranged, in accordance with the théory already dis-
cuesed, so that the flow in all four passages would be
the same. The equal distribution of the flow in all four
pagsazes wvos checked by ths equal presaure drons across
the screen. .

Toinl- and static-pressure measurerents were made
at the inlet and outlet and behind the duct to determine
the interaal azxd external losses of tias duct. For com-
nerison, %-e tests were repeated with the rear vaznes re-
moved.

lesvlis.~ The Jones drag equation

D=2/ Jq (WVE, -~ VH) ds (1)

anplied &t any section glves the drag of everything up-—
stream of that section. The difference between the drags
g0 ctlculated for ‘the alr lesving tkhe duct and for the alilr
cateriag the duct is thus the draz chargeable to the in-
slde of the duvct. The difference for the air several
inches aft of the ovtlet and several inches ahead of the
iniet renresents the drag of the entire duct installation.
The difference betreen the drag of the entire installztion
aad the internal drag remresents the losses over the outer
surface of the duct together with the exlt losses at the
rear, The exlt losses apneared to be negligivle since the
differeace was found to be apnroximately accounted for, in
everr case, vy the skin Irietion of the external duet sur-
face. .

Dable I containe an enalysis of the duct drag for the
cecoses of rear vanes ln aad out. The total éreg of the
duct vita rear vanes 1n was taken as 100 percent. The ef-
ficlercles were computed on the basls of the minipun punwn
work QA» across the screen rather thaa the iacrernsent in
drag, as found by equation (1), across the screen (refer-
ence 1), Tor the low-resistance screen, the duct efficil-
cleacy was reduced from 34 perceant to 24 percent by re-
gicving the rear vanes. ¥For the high-resistance screen,
the relvecilol was from 65 percent to 50 psrcent. Oan an
actual installation the érag contribution of tis exteraal
duct surface may be somewhet reduced, with & co-respondi:zg
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increcse in efficlency, if the duct 1s more completely.
subnerged in the fuselage. It should be noted that not
the entire frictlion drag of the duct surface but only
the excess ovar that of the fuselagze skin which 1t re-~
placesa 1s chargeable to the duct.

“ith the rear vanes in piace, the flow was essen-
tially equelly dlvided among the four passages. The
digtributions of the flow for the cases of rear vanes out
are showvn 1n teble II. The low flow observed 1n the sec~
ond paessege, for %the low-reszistance screen, is probadly
due to the losses in dreeking over the nose of the center
vene, as indicated in fizure 2b. It may be reaarized that,
althoush the nonunlformity of the flow reduces the duct
efficiency, 1t may not greatly reduce the cooling, which
depeads malnly on the total flow.

DESIGI DINIISIONE

The design of 3he mnasszpes s cdetermined by the dls-—
tridbution of velocltyr und totel pressure in the expanded
Poundary loyer at the inlet. It is assumed that the flow
ls divicel equally aaong thne passages, and the eaverage
totel Hressure at ths inlet of each pessage 1s odtalned,
It is then assumed that the avercge tntel pressurse- in each
pasac e aecre2ses Aduriag the erpanslon by 12 percent of
the everese (raanic pressure at the inlet {(refersace 2).
Jhe loss o2cross e raciator, which is tle sane. for ezach
layer, is computed from the Lincwn radiator cheracteristlcs
end iihre veloclty at the radiator. The totel pressures
and velocliies vYehind the rcdiator are now knowa. The con=-
etrictions ot the ends of tie. passages are designed ac-
cordéing to Bernoulli's equetion so that the same static
pressure will exlist a%t tkhe ends of two &djacent passages.
For calculation of these interaal duct dinenslons behind
the radiator, losses due to mixing at the Juncilons are .
reglected. Ior calculatlon of the average total pressure
(ené hence the average. velocity) at the exit, these losses
are ascsumeld to be half as much as the expansion losses in
the forward vassazes.

Fornulas for the design.of ducts have bsen computed
for the four inlet conditions shown in figure 4. The re-
sults ares given in tables IIla and IIIb for ducts divided
into three a&and four passages, respectively, the expansion
angle 1ln each passage being assumed to be 109, For ducts




divided 1nto only two pasesages, the formulas for the loca-
tion of the center vanes of the four-passage duct nay be
used. For the preliminary estimate of 8/1, an approxi-
mate value for 1 may be found by assuming the lnlet ve-
locity to be about 0.6 the free-stream velocliy; the estl-
mation of &, however, will generally recuire some study
of the corditions. The results 6f reference 3 iIndicate
that, for modern slingle-engine airplanes, & will be
given with satisfactory accuracy by the formula

1/56 4/6
8 = 0.37 (¢~ x

It has been assumed kere that the radiator &nd pas-
sages are rectaungular in cross section, tie analysis hav-
inz been essentielly two-dlmensional. If they ore not
rectangular, the design of the rear vanes maey be modified
by simply substituting relative areas for relative heights.
The inlet of the duct should be of uniform height in eny
case, for it was found that 1f thers was spanwise varla-
tion in the total pressure of the alr eatering an exzpand-
ing duct, the air having the lowest total pressure broks
avay a short distance down tkhe duct and svoiled the flow.

Example.~ Tke-given procedure has been apnlied to the
followinz case:

Radiator cross section . 25 inches by 16 inches (r = 16 1in.)
42 . . . . . .. . . . . 5.0
q

Cooling air required . . 20,000 cubic fezet per mlnute
Air speed . . . . . . . 400 miles per hour (587 fpﬁ)

didth of inlet and out-
let . . . ¢« ¢ + ¢« « « 25 inches

Position of inlet . . . 12 feet aft of fuselage nosse
Assume the expansion to bs effected with three passages,

)The computations proceed in the following steps (tabdle
IIIn):

v 178 . -4 \1/8
1. 8 = 0.37 <_> REYL 0.37(1.3 X 10 ) 194/ 8
o 587

= 0,126 foot = 1l.52 inches
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20000 x X424 _ 5,45 inches
60 X 587 X 0.6 25

2, Approximately, 1 =

s, 8 - 152 _ .28, which 1s intermediate between the
1 5.45

first two cases of the table
20000 % l44 = 0.205

4. B =30 x 587 25 x 16
5. h 0.208 = 0.70; hf = 3.74 inches
Jo 044 + n? Jo 044 + 0.042 -
0.41
6. £ = 1 + h = 1.7 — = 0.43; £(1+b)E= 3.9 inches
Jo.27 + n® Yo.27 + 0.042
7. Lo e = 0.205 = 0.264; e = 4.2 inches
¥ Mo.s1 - sn® 0.8l - 0.21

1 n 0.205
e = = e = 223t = (0,338; 1 = 5.4 1nch
8. T 0.eT " T.61l 336 nehes
9, % = 0,40; g = 2.2 inches
10. % = 0,35 J = 1.9 1lnches

11. % = 0.363 1. = 1.9 inches
REHARKS OF DESIGH

™e followling polnts may be noted with regard to de—
sign?

1., The nose of the- duct (including the sides) should
be well rounded and curved slightly lanward 1ln order to per~
mit snooth flow of the diverging alr over 1t.

2. The nose of the first vane should be slightly aft
of the inlet in order to permlt the flow to stralghten out
before meeting iif.
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3. The vanes must be bullf to withstand the éiffer-
ences 1n static pregssure across them (directed toward the
fuselage) For the vene nearest the fuselage, the differ-
ence may be of the order of 20 percent of the free-stream
dynonic pressure. The static pressure within the duect,
tending to blow it away from the Fuselege, is of the order
of the full free-stream dynamic pressure.

4, Tne slides of the dﬁct should be falred into the
fuselege skin so that the rotating slipsiream may flow
over it smoothly. "

4

5. A flap should be provided, for the climdb condi=-
tion, that will permit the outlet to be enlarged several
times. A flep on the 1nlet will permit & slight further
increcse in the cooling alr for climb, but the presence
of the vanes willl complicate the .design.

Langley Yemorial Aeronantical Laboratory,
Yational Advisory Conmittze.for Aeroansutics,
Langley Fisld, TVa,

REFERENCES

1, Zogallo, F. ¥.: Internel-Flow Systems for Aireraft.
T.%. Yo. 777, TACA,1940,

2. Petterson, G. F.: Modern Diffuser Design. 4Aircraft
Engineering, vol. 10, &5, 115, Sent, 1723, pp. 267—27%.

3., Freenman, Hugh B.: Measurements of Flow in the Boundary
Layer of a 1/40-Scale Model of the U.S. Airship
"A»on." EKep. %o. 430, ITACA, 1932,



I-321

11

TABLE I
Duct. Drag Analysils

[Drag in percent of the total Grag for the condition
of rear vanes 1in

AP 4 Ap 40
qa = . -
Rear vanes |Rear vanesfilear vanes|Rear vanes
in out in out
@xpansion loss 23 ] 9
“ :
T.oss across screen 37 > 115 .75 116
Losses behlnd screen 12 J 3
‘Drag ol duet sides i
and top 28 28 | 13 13
Jotal 1C0 143 100 129
ldeal dreg L2 34 34 | 85 65
B!
Efficiency, percent 34 24 65 50 | ,l




TABLE II
Distribution of Flow, Rear Vanes Out

[Values in percent of total flow]

A
Section A A2 _ 40
q q
Top 56 39
Second 14 23
Third 25 21
Bottom 5 7
Total 120 100

12
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TABLE IIla.- Th:ee?Passage Luct Diﬁensions

Given: r, height of radiator
k, %f for radiator
n, veloclty at radiastor
free~-stream veloclty
8§, boundary layer thickness
8 - 0.25 $ - o.3:1 8 - o.50 $ - 0.04
i ‘ i i i
h n | ) n n n
v .020 + n? 1 J.057 + n? | V.085 + n® | ¥.076 + n?
cn Zn 2n 2n
. 1+ h _ 1+ 1 1+ k 1 4+ h
V.25 + n® JC28 + n® J.ZS + n® v.19 + n®
e n n n n
T J.a2 - xn® | /.80 - xn® | /.77 - kn2? | V.66 - kn?
i n - n n n
T 0.83 0.59 0.57 0.50
-f- 0.40 0.40 0.40 0.40
‘g‘ 035 034 033 '32
i
I .36 37 .38 .39




.~
T
. velocity =2t rediistor
o, o ] PR
fres—strzar veloclity
8§, Dboundary layrer thickzess
H
5 = 0.25 8 =o90.31 £ = 0.50 3 =
1 i 1 1
0 n n n
V.014 + n? J.0zs + n? V.083 + n? / 0as
n 5 n n
V.26 + a® /.19 + n? .18 + n? J.14 + o2

il i1 n
L+ a _ I+ a i 1+ 2 ) 1
L 2 2 n 2
PR ey fowos(
4 T ,D> 081 +( 755 /054 + (7 b) ~/o4o+

= o

i a o n n
r 0.63 0.59 0,57 0.5
d - ~

3 0.35 0.85 0.55 0.55
o - Lrd T rr
i ".46 -tf)5 aO4: ‘ . O
s 1

-~ ./,,.9 ‘29 050 0‘30
1

t

y .37 .27 .28 .2
1

-

i
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‘ Figure 1.~ The breakaway of a boundary layer
before an oversize duot inlet.
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(a) Flow oquany divided, resr vane sbgent, su impoasible
gondition.

gb; Flow unequally divided, rear vane absent,
Flow equally divided, rear vane placed to constriot
the lower passage.

Pigure 3.~ The flow of a boundary layor in & divided duot.
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Figure 3.~ Plan vliew and lo

in the wind tunne

S 7

tudinal secotion of the duot mounted .
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V/V,, undisturbed boundary layer

VIV, at duct inlet Hlg, at duct inlet

Plg, at duct inlet
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Figure 4.- Characteristics of the optimum expansion of four turbuleat
boundary layers.
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